Axin, APC, and the kinase GSK3␤ are part of a destruction complex that regulates the stability of the Wnt pathway effector ␤-catenin. In C. elegans, several Wnt-controlled developmental processes have been described, but an Axin ortholog has not been found in the genome sequence and SGG-1/GSK3␤, and the APC-related protein APR-1 have been shown to act in a positive, rather than negative fashion in Wnt signaling. We have shown previously that the EGL-20/Wnt-dependent expression of the homeobox gene mab-5 in the Q neuroblast lineage requires BAR-1/␤-catenin and POP-1/Tcf. Here, we have investigated how BAR-1 is regulated by the EGL-20 pathway. First, we have characterized a negative regulator of the EGL-20 pathway, pry-1. We show that pry-1 encodes an RGS and DIX domain-containing protein that is distantly related to Axin/Conductin. Our results demonstrate that despite its sequence divergence, PRY-1 is a functional Axin homolog. We show that PRY-1 interacts with BAR-1, SGG-1, and APR-1 and that overexpression of PRY-1 inhibits mab-5 expression. Furthermore, pry-1 rescues the zebrafish axin1 mutation masterblind, showing that it can functionally interact with vertebrate destruction complex components. Finally, we show that SGG-1, in addition to its positive regulatory role in early embryonic Wnt signaling, may function as a negative regulator of the EGL-20 pathway. We conclude that a highly divergent destruction complex consisting of PRY-1, SGG-1, and APR-1 regulates BAR-1/␤-catenin signaling in C. elegans.
The Wnt family of secreted glycoproteins controls a wide range of developmental processes, ranging from cell-fate specification to determination of cellular polarity and migration (for review, see Cadigan and Nusse 1997; Bienz and Clevers 2000) . A key effector of the pathway that transduces the Wnt signal into the expression of specific Wnt target genes is ␤-catenin. In the absence of Wnt signaling, ␤-catenin is targeted for destruction by a complex consisting of the scaffold protein Axin, the kinase GSK3␤, and the tumor suppressor gene product APC. GSK3␤ phosphorylates ␤-catenin, which in turn becomes a substrate for the ubiquitin ligase ␤-TrCP/Slimb and is degraded by the proteasome. In the presence of Wnt signaling, the Axin/APC/GSK3␤ complex is inhibited through the action of Dishevelled and the binding of Axin to the Wnt coreceptor LRP/Arrow (Mao et al. 2001 ). The unphosphorylated ␤-catenin is now free to move to the nucleus, in which it interacts with transcription factors of the Tcf/LEF-1 family to activate Wnt target gene expression.
In C. elegans, the expression of the homeobox gene mab-5 in the Q neuroblast lineage is controlled by the Wnt EGL-20 (Harris et al. 1996; Maloof et al. 1999; Whangbo and Kenyon 1999) . The Q cells are migratory neuroblasts that are born at similar positions on the left and right sides of the animal. Although both Q cells generate an identical set of descendants, their migration is different. The QL cell and its descendants migrate toward the posterior, whereas the QR cell and its daughter cells move toward the anterior. This difference in migration is induced by the asymmetric expression of mab-5 (Kenyon 1986; Salser and Kenyon 1992) . Only the QL cell is sensitive to EGL-20/Wnt and expresses mab-5 . mab-5 in turn directs the migration of the QL descendants (collectively denoted as QL.d) into the posterior. The QR cell, on the other hand, does not respond to EGL-20 and its daughter cells migrate in the default anterior direction. Detailed analysis of mutations that disrupt the expression of mab-5 in the QL lineage has suggested that a canonical Wnt pathway transduces the EGL-20 signal. Thus, mutation of lin-17/ Fz (Harris et al. 1996) , mig-5/Dsh (Guo 1995) , bar-1/␤-catenin , and RNA mediated interference (RNAi) of pop-1/Tcf function (Herman 2001 ) all result in loss-of mab-5 expression and anterior migration of the QL.d. Furthermore, it was shown that an interaction between BAR-1 and POP-1 is required for mab-5 expression, suggesting that BAR-1 and POP-1 (like ␤-catenin and Tcf) form an active bipartite transcription factor (Korswagen et al. 2000) .
There are still major gaps in our understanding of this pathway. For example, it is unknown whether BAR-1/␤-catenin signaling is regulated by a conserved Axin/APC/ GSK3␤ complex. First, no Axin homologs were identified in the C. elegans genome sequence (Ruvkun and Hobert 1998) . Second, the APC-like protein APR-1 is only distantly related to Drosophila and vertebrate APC, and may lack the structural features required for ␤-catenin binding (Rocheleau et al. 1997; Korswagen et al. 2000) . Third, both APR-1 and the GSK3␤-like protein SGG-1 have been shown to function as positive, rather than negative regulators of a Wnt pathway in the early embryo (Rocheleau et al. 1997 Schlesinger et al. 1999) . At the four-cell stage, a MOM-2/Wnt signal from the blastomere P2 polarizes its neighbor, EMS, to generate daughter cells with different fates. The anterior daughter cell MS will form muscle cells, whereas the posterior daughter cell E will form the intestine. The main determinant of the difference in fate between MS and E is POP-1/Tcf (Lin et al. 1995 (Lin et al. , 1998 . POP-1 is present at high levels in MS and interacts with UNC-37/ Groucho and the histone deacetylase HDA-1 to repress the endoderm-specific transcription factor gene end-1 (Calvo et al. 2001) . In response to the MOM-2/Wnt pathway and a parallel mitogen-activated protein kinase (MAPK) pathway consisting of MOM-4/TAK1 and LIT-1/NLK, POP-1 levels are down-regulated in E Rocheleau et al. 1999) . The lower POP-1 level results in derepression of end-1 and the induction of endoderm development. Genetic and biochemical evidence suggests that the down-regulation of POP-1 is mediated by a complex consisting of the ␤-catenin WRM-1 and LIT-1/NLK. Upon activation by MOM-4/TAK1, this complex phosphorylates POP-1, which may in turn result in a loss-of-DNA binding and nuclear localization of POP-1 Rocheleau et al. 1999; . Like mutation of mom-2/Wnt, disruption of apr-1 or sgg-1 function by RNAi results in a failure to induce endoderm (Rocheleau et al. 1997 Schlesinger et al. 1999) . The mechanism of this positive requirement of APR-1 and SGG-1 in endoderm induction is unknown.
To gain insight into the regulation of the EGL-20/Wnt pathway, we have studied the putative negative regulator pry-1 . Mutation of pry-1 results in ectopic expression of mab-5 in the QR lineage and posterior migration of the QR descendants. This activity is dependent on bar-1, indicating that pry-1 is a negative regulator of BAR-1/␤-catenin signaling. Loss of pry-1 function also induces widespread ectopic expression of the Hox genes lin-39 and egl-5, suggesting that pry-1 is a general repressor of Hox gene expression ). Here we show that pry-1 encodes a divergent, but functional Axin homolog. Furthermore, our results indicate that SGG-1 may have an additional, negative regulatory role in the EGL-20/Wnt pathway. We propose that in C. elegans, an Axin/APC/GSK3␤-related complex negatively regulates BAR-1/␤-catenin signaling.
Results

pry-1 encodes an Axin-related protein
We identified PRY-1 as a protein that specifically interacted with BAR-1 in a yeast two-hybrid screen. A mixed stage C. elegans cDNA library (Walhout et al. 2000) was screened using the Armadillo repeat region of BAR-1 as bait. One of the interacting proteins was encoded by the gene C37A5.9. A full-length cDNA of 1894 bp was isolated, and was shown to include the trans-splice leader SL1, a 6-bp 5Ј untranslated region (UTR) and a 106-bp 3Ј UTR. C37A5.9 encodes a predicted protein of 587 amino acids. We noted that the extrapolated genetic map position of C37A5.9 is within 1 map unit of the reported map position of pry-1 . We sequenced the C37A5.9-coding region in the two existing pry-1 mutant alleles mu38 and nc1 Shioi et al. 2001) , and found that both introduce nonsense mutations; nc1 changes CGA/Arg 48 to TGA/Stop and mu38 changes TGG/Trp 268 to TGA/Stop (Fig. 1B) . In addition, we found that a transgene containing the C37A5.9 genomic sequence fused to a Green Fluorescent Protein (GFP) reporter gene rescued the pry-1(mu38 and nc1) mutant phenotype (see below). We conclude that pry-1 is the gene C37A5.9.
The predicted PRY-1 protein shows limited similarity to Axin and the related protein Conductin, with 18%-21% overall amino acid sequence identity to vertebrate and Drosophila Axin/Conductin family members. The similarity of PRY-1 to Axin/Conductin is mainly within two domains, a putative regulator of G-protein signaling (RGS) domain and a DIX domain, a conserved region that is found in both Axin and Dishevelled (Zeng et al. 1997 ; Fig. 1B) . Thus, the PRY-1 RGS domain is 27% identical (48% similar) to the RGS domain of Drosophila D-Axin and the PRY-1 DIX domain is 31% identical (49% similar) to the respective domain of D-Axin (Hamada et al. 1999; Willert et al. 1999) . Axin family members also contain defined binding domains for GSK3␤ and ␤-catenin (Behrens et al. 1998; Ikeda et al. 1998; Sakanaka et al. 1998; Hedgepeth et al. 1999) . On the basis of sequence similarity searches, we could not identify these binding regions in the PRY-1 sequence. Furthermore, PRY-1 does not cluster with Axin/Conductin family members in a multiple sequence alignment that also includes the unrelated RGS domain containing protein EGL-10 ( Koelle and Horvitz 1996; Fig. 1A) . This shows that PRY-1 is only distantly related to the Axin/Conductin family at the sequence level.
PRY-1 physically interacts with BAR-1/␤-catenin, SGG-1/GSK3␤, the APC-like protein APR-1, and MIG-5/Dsh
Axin functions as a scaffold protein that assembles the ␤-catenin destruction complex, and allows efficient phosphorylation of ␤-catenin by GSK3␤. The RGS domain of Axin binds APC (Behrens et al. 1998; , defined domains of Axin are required for binding GSK3␤ and ␤-catenin (Behrens et al. 1998; Ikeda et al. 1998; Sakanaka et al. 1998; Hedgepeth et al. 1999 ) and the carboxy-terminal DIX domain and more internal se- quences are required for Axin homodimerization and binding to Dsh and LRP/Arrow (Hsu et al. 1999; Kishida et al. 1999; Li et al. 1999; Smalley et al. 1999; Mao et al. 2001) . Like Axin/Conductin, PRY-1 contains an RGS and DIX domain. Therefore, we investigated whether PRY-1 can physically interact with components of a putative C. elegans ␤-catenin destruction complex. Using a yeast-two-hybrid assay, we found that (as expected) PRY-1 binds the Armadillo repeat region of BAR-1/␤-catenin (Fig. 2) . PRY-1 also binds the GSK3␤ homolog SGG-1, but not a second GSK3␤-related protein encoded by C44H4.6 (Ruvkun and Hobert 1998) . In addition, we found that PRY-1 interacts with the APC-related protein APR-1. This interaction requires the RGS domain of PRY-1 (deleted in ) and the carboxy-terminal half of APR-1, which contains two repeats that resemble the conserved SAMP repeats found in Drosophila and vertebrate APC (Rocheleau et al. 1997) . The SAMP repeats of human APC have been shown to interact directly with conserved residues in the RGS domain of Axin (Behrens et al. 1998; Spink et al. 2000) . This suggests that the structural basis of the interaction between PRY-1 and APR-1 is similar. Indeed, modeling of the interaction of the PRY-1 RGS domain with the APR-1 SAMP repeats has shown that despite considerable sequence differences, the interaction is comparable with the human Axin/APC interaction (W. Weiss, pers. comm.). PRY-1 also interacts with the Dishevelled homolog MIG-5, but not with two additional Dishevelled homolog, DSH-1 and DSH-2.
These results suggest that PRY-1 assembles a complex of APR-1, SGG-1, and BAR-1. This complex may in turn be regulated by the EGL-20 pathway through the interaction of PRY-1 with MIG-5. We found that PRY-1 does not bind the adhesion-specific ␤-catenin HMP-2 (Costa et al. 1998; Korswagen et al. 2000; Natarajan et al. 2001; Fig. 2) . This is in agreement with a function of PRY-1 in Wnt signaling rather than cellular adhesion.
pry-1 functions downstream of egl-20 and mig-5, but upstream of bar-1, pop-1, and mab-5
The interaction of Axin with APC, GSK3␤, and ␤-catenin allows the efficient phosphorylation and destruction of ␤-catenin in the absence of Wnt signaling. Consequently, Axin functions as an important negative regulator of the Wnt pathway, as observed in Drosophila, in which D-Axin mutants resemble animals in which Wg is overexpressed (Hamada et al. 1999; Willert et al. 1999) . The phenotype of pry-1 suggests that it may have a similar negative regulatory function. In the Q neuroblast lineage, only the Q cell on the left side of the animal (QL) responds to EGL-20/Wnt and activates the expression of the Hox gene mab-5. As a consequence, the QL daughter cells (QL.d) migrate in a posterior direction. The QR cell does not respond to physiological levels of EGL-20, and its daughter cells migrate into the default, anterior direction. When EGL-20 is overexpressed, however, the QR cell also activates mab-5. As a result, its daughter cells migrate toward the posterior . A similar Wnt overactivity phenotype is observed in pry-1 mutants . Furthermore, double-mutant analysis has shown that pry-1 functions downstream of egl-20, but upstream of bar-1/ ␤-catenin and mab-5, showing that pry-1 functions as a negative regulator of the EGL-20 pathway .
To determine additional epistatic relationships with components of the EGL-20 pathway, we examined the pry-1 phenotype in different mutant backgrounds. We could phenocopy the pry-1 QR.d migration defect by RNAi and assayed the final positions of the QL and QR daughter cells AVM and PVM using a mec-7ϻgfp reporter transgene (Table 1) . As was reported previously, we observed that in egl-20(n585) mutants, pry-1(RNAi) still induced a QR.d migration defect. We found that the pry-1 phenotype was also unaffected by disruption of mig-5/Dsh, indicating that pry-1 functions downstream of mig-5 as well. The pry-1(RNAi) phenotype was, however, completely suppressed in bar-1 and mab-5 null mutants. We have shown previously that BAR-1 functions together with POP-1/Tcf to activate mab-5 expression in the Q cell lineage (Korswagen et al. 2000) . Therefore, we also determined the pry-1(RNAi) phenotype in a pop-1(hu9) mutant background. hu9 was isolated as a suppressor of a constitutively active bar-1 mutant, and contains a mutation (E47K) in the BAR-1-binding domain of POP-1 that may disrupt the interaction between the two proteins. hu9 is so far the only viable pop-1 allele and shows a low penetrance QL.d migration defect (Table 1; H. Korswagen, unpubl.) . We found that pop-1(hu9) completely suppressed the pry-1(RNAi) QR.d migration defect. Taken together, these results suggest that PRY-1 is a negative regulator of the EGL-20-dependent expression of mab-5 in the Q neuroblast lineage and that PRY-1 functions downstream of EGL-20 and MIG-5, but upstream of BAR-1 and POP-1. This places PRY-1 at a position in the EGL-20/Wnt pathway that is in agreement with a function of PRY-1 as an Axin-like protein.
Overexpression of PRY-1 and SGG-1 induces a Wnt loss-of-function phenotype
Overexpression of Axin in the dorsal blastomeres of the early Xenopus embryo inhibits signaling through the Wnt pathway and induces a strong ventralization phenotype (Zeng et al. 1997) . Axin overexpression may exert this effect by allowing more efficient GSK3␤-mediated phosphorylation of ␤-catenin (Behrens et al. 1998; Ikeda et al. 1998; Kishida et al. 1998; Sakanaka et al. 1998) . To investigate whether overexpression of PRY-1 induces a Wnt loss-of-function phenotype as well, we generated multicopy transgenes containing the pry-1 genomic sequence. Overexpression of PRY-1 or a PRY-1ϻGFP fusion protein resulted in a highly penetrant QL.d migration defect ( Fig. 3A; data not shown). To accurately determine the effect of PRY-1 overexpression on QL.d migration, we scored the final positions of the QL.pa daughter cells, which can be easily recognized, relative to the positions of the six seam cells, V1-V6 (Harris et al. 1996) . In wild-type and pry-1(mu38) animals, the QL.pa daughter cells were found at their normal position (near V5.a), but in animals that overexpress PRY-1, the QL.pa daughter cells localized far into the anterior. This phe- (Salser and Kenyon 1992) in the QL.d. Whole-mount larvae, synchronized at 4-5 h after hatching, were fixed and stained for ␤-galactosidase expression and the DNA stain DAPI. The RNA interference experiment was performed by feeding animals on E. coli expressing double-stranded RNA of pry-l, mig-5, or the empty vector L4440 as described (Kamath et al. 2001; Timmons et al. 2001) . In each case, n = 100. The final positions of QL.paa (PVM) and QR.paa (AVM) were scored in L4 larvae using a mec-7::gfp reporter transgene. Final position was scored as anterior or posterior to the vulva.
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genesdev.cshlp.org Downloaded from notype is similar to egl-20/Wnt and mab-5 null mutants (Harris et al. 1996) and suggests that PRY-1 overexpression inhibits the EGL-20-dependent expression of mab-5. To verify this, we used a mab-5ϻlacZ reporter gene that has been shown to closely mimic the expression of the endogenous mab-5 gene (Salser and Kenyon 1992) . We found that 40/40 wild-type animals expressed the mab-5ϻlacZ reporter in the QL daughter cells (Fig. 3B) . In animals that overexpress PRY-1, no mab-5ϻlacZ expression was observed in the QL.d (n = 40), indicating that PRY-1 overexpression inhibits mab-5 expression. We also observed that the QL and QR daughter cells migrated further into the anterior than the QR.d in wildtype animals (Fig. 3A) , a phenotype that is also observed in lin-17/Fz and bar-1 mutants (Whangbo et al. 2000) . The localization of other migratory neurons, such as the HSN and CAN neurons, was not affected (n = 26) by PRY-1 overexpression.
Does PRY-1 function as a negative regulator of mab-5 expression by enabling the phosphorylation of BAR-1 by the GSK3␤ homolog SGG-1? The amino terminus of BAR-1 contains several consensus GSK3␤ phosphorylation sites (Eisenmann et al. 1998; Korswagen et al. 2000) . Furthermore, overexpression of a truncated BAR-1 protein, in which these phosphorylation sites have been removed, results in a Wnt pathway activation phenotype that is similar to the pry-1 mutant phenotype (Gleason et al. 2002; data not shown) . This suggests that BAR-1 is a substrate of GSK3␤-mediated down-regulation. However, instead of acting as a negative regulator of Wnt signaling, SGG-1 has been shown to act positively in the MOM-2/Wnt pathway (Schlesinger et al. 1999 ). Because SGG-1 interacts physically with PRY-1, and because SGG-1 inhibits the Wnt-1-induced transcriptional activation of a Tcf reporter gene in mammalian cells (Fig.  4B) , we investigated whether SGG-1 has an additional function as a negative regulator of the EGL-20/Wnt pathway. We could not directly investigate the role of sgg-1 in Q neuroblast migration by disrupting sgg-1 function, as sgg-1(RNAi) is embryonic lethal (Schlesinger et al. 1999) . Therefore, we assayed the effect of SGG-1 overexpression. As is shown in Table 2 , overexpression of SGG-1 (like overexpression of PRY-1) induced anterior migration of the QL daughter cells. Taken together, these results suggest that both PRY-1 and SGG-1 are negative regulators of the EGL-20/Wnt pathway and that an Axin/GSK3␤/APC-related complex regulates the stability of BAR-1.
PRY-1 is a functional Axin homolog
As discussed above, PRY-1 is only distantly related to Axin/Conductin. Our results indicate, however, that despite this sequence divergence, PRY-1 has an Axin-like function in C. elegans. We investigated whether this functional homology extends to the vertebrate system. We first tested whether overexpression of PRY-1 inhibits the Wnt-1-induced activation of a Tcf-reporter gene in 293T cells (van de Wetering et al. 1997; Korinek et al. 1998; Sakanaka et al. 1998) . As is shown in Figure 4A , coexpression of Wnt-1 with PRY-1 efficiently inhibited Tcf-reporter gene activation in a dose-dependent manner, showing that overexpression of PRY-1, like Axin/ Conductin, inhibits Wnt signaling in vertebrate cells. We next investigated whether PRY-1 can complement the zebrafish axin1 mutation masterblind (mbl) (Heisenberg et al. 2001; van de Water et al. 2001 ). The mbl mutation is characterized by the absence or reduction in size of the telencephalon, the optic vesicles, and the olfactory placodes (Fig. 4D) . These defects are fully rescued by Axin1 overexpression. We tested whether overexpression of PRY-1 has a similar activity. One-cell stage progeny of an incross between heterozygous mbl parents was injected with pry-1 mRNA and the resulting phenotypes were scored (Table 3) . Whereas in the noninjected embryos, all genotypically mbl homozygotes showed the mutant phenotype, two-thirds (4/6) of the pry-1-injected mbl embryos were fully rescued. We also noted that about three-quarters (15/21) of the sibling embryos that were injected with pry-1 mRNA showed an overexpression phenotype (Table 3) . To confirm this observation, we injected pry-1 or zebrafish axin1 mRNA in wild-type embryos. Overexpression of PRY-1 resulted in defects in the generation of posterior trunk structures, a phenotype that was also observed in embryos that overexpress zfAxin1 (Fig. 4E,F) . Truncation of posterior structures ranged from deletion of all structures posterior to the otic vesicles to deletion of the tail only. These defects are likely caused by interference with the role of Wnt signaling in the establishment of anterior-posterior polarity and posterior fates (van de Water et al. 2001 ). Taken together, these results show that PRY-1 can interact with the vertebrate destruction complex components, establishing the functional homology of PRY-1 with vertebrate Axin.
PRY-1 is widely expressed throughout development
To determine the expression pattern of pry-1, we constructed a translational fusion of the pry-1 genomic sequence and a GFP reporter gene. The expression pattern of this construct was similar in independent transgenic lines, but the subcellular localization of the PRY-1ϻGFP fusion protein differed, ranging from localization at the plasma membrane and in cytoplasmic dots to diffuse cytoplasmic and nuclear staining. This difference in subcellular localization may be a consequence of variations in expression levels of the fusion protein in different transgenic lines. For ease of cell identification, a transgenic line showing diffuse cytoplasmic and nuclear staining was selected. This transgene fully rescued the lethality, the multivulva phenotype, and the QR.d migration defect of pry-1(mu38 and nc1). This suggests that the PRY-1ϻGFP fusion protein is functional and is correctly expressed in cells in which PRY-1 is essential.
The pry-1 reporter gene is widely expressed throughout development. Expression starts halfway through embryogenesis and is mainly localized to the ventral and lateral hypodermal cells. At the early L1 stage, pry-1 is expressed at high levels in the lateral hypodermal cells (or seam cells) V5 and V6 and in the Q neuroblasts QL and QR (Figs. 5A,B, 6A) . pry-1 is also expressed in the ventral hypodermal (P) cells P7/8 to P11/12, body wall muscle cells, and neurons in the head, the tail, and the ventral nerve cord. We did not observe differences in pry-1 expression levels between QL and QR (data not shown), but this may be a result of PRY-1ϻGFP overexpression. At the end of the L1 stage, pry-1 is expressed at high levels in all seam cells ( Fig. 6B; see below) . Expression was also observed in the QL and QR daughter cells (Fig. 5C,D) . At later larval stages, pry-1 is expressed at high levels throughout the animal, including hypodermal cells, body wall muscle cells, and many neurons in Expression of PRY-1 resulted in a phenotypic rescue of the optic and anterior brain structure defects of (D) zebrafish mbl/axin1 mutants that was indistinguishable from (C) wild-type embryos (see Table 3 ). Overexpression (XS) in wild-type zebrafish embryos of (E) Axin1 or (F) PRY-1 induced identical phenotypes, such as deletion of the trunk posterior to the otic vesicle. Overexpression of PRY-1 and Axin1 was carried out by microinjection of 25 or 150 pg of the respective mRNAs into one-cell stage zebrafish embryos. Synchronized L1 larvae were heat shocked for 2 h at 33°C. The final positions of QL.paa (PVM) and QR.paa (AVM) were scored in L4 larvae using a mec-7::gfp reporter transgene. Final position was scored as anterior or posterior to the vulva. In each, n = 100.
the ventral nerve cord and head and tail ganglia. In addition, pry-1 is expressed in the vulva precursor (Pn.p) cells (Fig. 5E,F ) and in the developing vulva and male tail (data not shown).
Discussion
Members of the Wnt family of secreted glycoproteins play an essential role in patterning developing tissues in species ranging from the simple metazoan Hydra to vertebrates. In C. elegans, one of the processes controlled by Wnt signaling is the expression of the Hox gene mab-5 in the Q neuroblast lineage. Detailed analysis of mutations that disrupt the expression of mab-5 in the Q cell lineage has suggested that a canonical Wnt pathway transduces the EGL-20/Wnt signal. In this study, we have investigated how this pathway is regulated. We have characterized a mutation, pry-1, which induces widespread ectopic expression of Wnt target genes . We show that pry-1 encodes a protein that is distantly related to Axin/Conductin. Our results show that despite this sequence divergence, PRY-1 is a functional Axin homolog and that a conserved ␤-catenin destruction complex regulates the EGL-20/Wnt pathway.
A PRY-1/SGG-1/APR-1 complex negatively regulates BAR-1
The key effector of the Wnt pathway, ␤-catenin, is regulated by a complex consisting of Axin, APC, and GSK3␤. In the absence of Wnt signaling, this complex enables GSK3␤ to phosphorylate ␤-catenin, which results in its destruction by the proteasome (for review, see Cadigan and Nusse 1997; Bienz and Clevers 2000) . We present evidence that a similar complex regulates BAR-1/␤-catenin stability in C. elegans. First, we show that the Axin-related protein PRY-1 is a negative regulator of the EGL-20/Wnt pathway. Loss of pry-1 function results in a bar-1 ) and pop-1-dependent activation of mab-5 expression. Furthermore, we found that overexpression of PRY-1 strongly inhibits mab-5 expression. Second, we show that PRY-1 physically interacts with BAR-1, SGG-1/ GSK3␤, and the APC-like protein APR-1. The interaction of PRY-1 with both SGG-1 and BAR-1 may allow the phosphorylation and down-regulation of BAR-1. The amino terminus of BAR-1 contains several conserved GSK3␤ phosphorylation sites (Eisenmann et al. 1998; Korswagen et al. 2000) . Furthermore, overexpression of an amino-terminally truncated BAR-1 protein that lacks these phosphorylation sites results in a Wnt activation phenotype that is similar to the pry-1 phenotype (Gleason et al. 2002; data not shown) . This suggests that BAR-1 is a substrate of SGG-1-mediated phosphorylation. We found that overexpression of SGG-1, like overexpression of PRY-1, induces a QL.d migration defect and inhibits the Wnt-1-induced activation of a Tcf reporter gene in mammalian cells. Although we cannot exclude that overexpression of SGG-1 may titrate out an essential Wnt pathway component, it is likely that overexpression of SGG-1 induces a QL.d migration defect by enhancing the phosphorylation and destruction of BAR-1. Taken together, our results indicate that in addition to a positive requirement in the MOM-2/Wnt pathway, SGG-1 may also function as a negative regulator of the EGL-20 pathway. The accompanying work by Gleason and colleagues (Gleason et al. 2002) suggests that APR-1 may have an analogous negative regulatory role. In the vulva precursor cells, a pathway similar to the Wnt pathway in the Q neuroblasts is required for the expression of the Hox gene lin-39 (Eisenmann et al. 1998 ). In pry-1 mutants, the expression of lin-39 is localized far outside of its normal expression domain , and too many vulva precursor cells adopt the induced vulval fate, resulting in the generation of multiple vulva-like structures. apr-1(RNAi) strongly enhances the multivulva phenotype of pry-1(mu38), indicating that it functions together with PRY-1 as a negative regulator of a canonical Wnt pathway.
Third, the interaction of PRY-1 with MIG-5/Dsh indicates that the EGL-20/Wnt pathway negatively regulates the destruction complex through a Dishevelled, allowing the stabilization of BAR-1 and activation of target gene expression. The specific interaction of PRY-1 with MIG-5, but not DSH-1 or DSH-2, is in agreement with the observation that only MIG-5 is required for mab-5 expression in the QL lineage (Guo 1995; data not shown) .
Finally, overexpression of pry-1 fully rescues the zebrafish axin1 mutation masterblind, showing that despite major sequence differences, PRY-1 and Axin1 are functionally similar. In addition, this suggests that PRY-1 can interact with the vertebrate components of the ␤-catenin destruction complex. We propose that a complex consisting of PRY-1, SGG-1, and APR-1 negatively regulates signaling through the ␤-catenin BAR-1.
pry-1 is a general repressor of Wnt target gene expression
In pry-1 mutants, the Hox genes lin-39, mab-5, and egl-5 are expressed far outside of their normal expression do- mains, resulting in defects in QR daughter cell migration, vulval fate specification, and the generation of sensory structures by the seam cell lineage . The pry-1 phenotype is fully suppressed by mutations in bar-1/␤-catenin and pop-1/Tcf. This indicates that a canonical Wnt pathway controls the expression of these Hox genes, and that PRY-1 functions as a general repressor of this pathway. Our observation that pry-1 is widely expressed throughout development is in agreement with such a general repressor function. Thus, pry-1 is expressed in the vulva precursor cells, in which it may restrict lin-39 expression (Gleason et al. 2002) . We found that pry-1 is also expressed in the different stages of the Q cell lineage. Here, PRY-1 functions as a repressor of mab-5 expression in the QR lineage. A possible mechanism for the asymmetric expression of mab-5 between the QL and QR lineages would be a difference in pry-1 expression levels, with high PRY-1 levels in QR inhibiting mab-5. We did not observe such a difference in expression levels between the QL and QR lineages. This suggests that either the difference in sensitivity to EGL-20/Wnt and the ability to activate mab-5 between the QL and QR lineages is not mediated by differences in pry-1 expression levels or that overexpression of the PRY-1ϻGFP fusion protein may have masked these differences. We favor the latter possibility, as the pry-1ϻgfp transgene used in this study also inhibited mab-5 expression in the QL daughter cells. We did observe a striking difference in pry-1 expression levels in the seam cell lineage. During the L1 stage, the seam cells divide in a stem cell-like fashion, generating an anterior daughter cell that fuses with the hypodermal syncytium hyp7, and a posterior daughter cell (Vn.p) that assumes the seam cell fate again. Contacts made between the Vn.p cells after cell division were found to be essential for correct fate specification within the seam cell lineage (Waring and Kenyon 1990; Austin and Kenyon 1994) . Thus, the Hox gene mab-5 is only expressed in the posterior Vn.p cell V6.p. In more anterior Vn.p cells, the EGL-20/Wnt dependent expression of mab-5 is repressed, presumably via a mechanism that involves cell-cell contact between the Vn.p cells (Hunter et al. 1999) . We noted that during the early L1 stage, pry-1 is mainly expressed in V5 and V6 (Fig. 6A) . At the end of L1 (>8 h after hatching) however, we observed a striking difference, pry-1 is now expressed at high levels in all Vn.p cells (Fig. 6B) . This up-regulation of pry-1 expression correlates with the establishment of cell-cell contacts between the Vn.p cells and suggests that pry-1 is required for the contact-induced repression of mab-5. Like disruption of the seam cell contacts, mutation of pry-1 results in ectopic mab-5 expression in the anterior Vn.p cells (Fig. 6C,D ; Maloof et al. 1999) . We speculate that intercellular signaling between the Vn.p cells may up-regulate pry-1 expression levels. High levels of PRY-1 may, in turn, actively inhibit the EGL-20/Wnt-dependent expression of mab-5 in the seam cells. The isolation and characterization of additional genes that, like pry-1, are required for the repression of mab-5, and other Wnt target genes will further elucidate how the canonical Wnt pathway is regulated in different cellular contexts.
Materials and methods
Nematode strains and culturing
General methods for culture, manipulation, and genetics of C. elegans were as described (Lewis and Fleming 1995) . Unless indicated, strains were cultured at 20°C. Strains used in this study were Bristol N2 and LGI, pry-1(mu38) and pry-1(nc1) (Shioi et al. 2001) ; LGII, muIs32 [mec-7ϻgfp] ; LGIII, mab-5(e1239); LGIV, dpy-20(e1282), egl-20(n585); LGX, bar-1(ga80); and unassigned, muIs2[mab-ϻ:lacZ] , huIs24 [hsϻsgg-1; gpa15ϻgfp; dpy-20(+) ] and huIs23 [pry-1ϻgfp; dpy-20(+) ].
Yeast two-hybrid studies C37A5.9 (pry-1) was isolated as a BAR-1 interacting protein in a yeast-two-hybrid screen. One of the isolated cDNAs was full length and contained a poly(A)-tract, as well as part of the transsplice leader SL1. Full-length pry-1 cDNA (GenBank accession no. AF468834) or a fragment corresponding to amino acids 135-587 (lacking the RGS domain), was cloned into the Gal4 activation domain containing vector pPC86. Full-length cDNAs of sgg-1 (AF159950), C44H4.6 (Z79598), mig-5 (Z66500), dsh-1 (C34F11.9a, U46753), and dsh-2 (C27A6.2, U58760) were cloned by PCR on total C. elegans cDNA, and were checked by sequencing. Fragments corresponding to the regions indicated in Figure 2 were cloned into the Gal4 DNA-binding domain containing vector pPC97. Yeast two-hybrid assays were as described (Walhout et al. 2000) .
RNA-mediated interference
A fragment of the pry-1 cDNA (position 407-1894) and fulllength mig-5 cDNA were cloned into the RNAi feeding vector L4440. The constructs were transformed into E. coli HT115 and RNAi phenotypes were assayed as described (Kamath et al. 2001 ). 
Transgenic animals
A genomic DNA fragment containing the complete C37A5.9/ pry-1-coding sequence and 3.6 kb of upstream sequence was cloned from cosmids ZK849 and C37A5. This fragment was inserted in-frame into the gfp reporter gene containing vector pPD95.81 (A. Fire, pers. comm.). The pry-1ϻgfp construct was injected at 100 ng/µL, with 100 ng/µL of the wild-type dpy-20 containing plasmid pMH86 into dpy-20(e1282). The extrachromosomal transgene was integrated using 40 Gy of ␥-radiation from a 137 Cs source. To generate a heat-shock inducible sgg-1 transgene, the full-length sgg-1 cDNA was cloned into the hsp16.2 vector pPD49.78. The hsϻsgg-1 construct was injected at 50 ng/µL together with 50 ng/µL gpa-15ϻgfp and 50 ng/µL pMH86 into a dpy-20(e1282); muIs32 [mec-7::gfp] strain. Transgenic L1 larvae were heat shocked for 2 h at 33°C.
Transfection experiments
Full-length cDNA of pry-1 and sgg-1 was cloned into pCDNA3.0 (Invitrogen). The 293-T cells were transfected using FuGENE6 (Roche) with 50 ng of a Wnt-1 expression plasmid, 100 ng pTATATOP or the negative control pTATAFOP, 5-300 ng of pCDNA3-pry-1 or pCDNA3-sgg-1 and 2 ng of the internal transfection control pTKRenilla. DNA concentrations were normalized to 1 µg using pCS2-lacZ (van de Wetering et al. 1997) . Luciferase assays were as recommended by the manufacturer (Promega). Luciferase measurements were normalized for transfection efficiency using the renilla control.
Rescue of the zebrafish mutation masterblind
Full-length pry-1 cDNA was cloned into the T7TS vector and capped synthetic mRNA was prepared using a T7 mMessage Machine kit from Ambion. A total of 25 pg of pry-1 mRNA or 150 pg of axin1 mRNA was injected into one-cell stage embryos as described (van de Water et al. 2001) . As a control, 275 pg of a frame-shifted pry-1 mRNA was injected. Embryos were either wild type, or derived from an incross between mbl carriers.
